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Abstract
Infrared spectroscopic ellipsometry is applied to investigate the free-charge carrier properties of Mg-doped InN
films. Two representative sets of In-polar InN grown by molecular beam epitaxy with Mg concentrations ranging from
1.2 × 1017 cm−3 to 8 × 1020 cm−3 are compared. P-type conductivity is indicated for the Mg concentration range of
1×1018 cm−3 to 9×1019 cm−3 from a systematic investigation of the longitudinal optical phonon plasmon broadening
and the mobility parameter in dependence of the Mg concentration. A parameterized model that accounts for the
phonon-plasmon coupling is applied to determine the free-charge carrier concentration and mobility parameters in the
doped bulk InN layer as well as the GaN template and undoped InN buffer layer for each sample. The free-charge
carrier properties in the second sample set are consistent with the results determined in a comprehensive analysis
of the first sample set reported earlier [Scho¨che et al., J. Appl. Phys. 113, 013502 (2013)]. In the second set, two
samples with Mg concentration of 2.3 × 1020 cm−3 are identified as compensated n-type InN with very low electron
concentrations which are suitable for further investigation of intrinsic material properties that are typically governed by
high electron concentrations even in undoped InN. The compensated n-type InN samples can be clearly distinguished
from the p-type conductive material of similar plasma frequencies by strongly reduced phonon plasmon broadening.
Keywords: infrared spectroscopic ellipsometry, Mg-doped InN, p-type, compensation, free-charge carrier
parameters
1. Introduction
Preparation and control of p-type conductivity is still
a challenge towards fabrication of InN-based photonic
devices. Several authors have demonstrated that p-type
conductivity in InN can be achieved by introduction
of Mg as acceptor impurity [1–7]. It is known how-
ever that p-type regions in InN are embedded as buried
channels in between high-density electron layers that
form on the surface and at the interface between InN
and substrate (or buffer layer) due to intrinsic defects
and elements as oxygen or hydrogen that act as shal-
low donors [8, 9]. This behavior affects the confirma-
tion of the conductivity type and impedes the character-
ization of the p-type region by conventional electrical
Email address: schoeche@huskers.unl.edu (S. Scho¨che)
methods like electrical Hall-effect or hot probe measure-
ments. This difficulty is not only attributed to the high
sheet charge density on the surface but also to the large
difference between electron (1000-2500 cm2/Vs) and
hole mobility (20-75 cm2/Vs). Electrolyte capacitance-
voltage measurement (ECV) is commonly applied for
the determination of hole concentrations while mobil-
ity values are estimated by fitting sheet conductivi-
ties from Hall-measurements of samples with different
thicknesses. Indications for successful p-type doping
were only found for Mg concentrations of 1×1018 cm−3
to 9 × 1019 cm−3 [7, 10], which is explained by the ne-
cessity to overcome a fairly high intrinsic donor con-
centration caused by lattice defects and residual shal-
low donors like hydrogen or oxygen [8, 9] for low Mg
concentrations and an increasing defect density for very
high Mg concentrations. The influence of the polarity
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of the buffer layer on growth and physical properties of
InN was investigated [3, 4]. These results were con-
firmed by other groups [10].
We recently demonstrated the ability of infrared spec-
troscopic ellipsometry (IRSE) to identify the different
carrier types and determine the free-charge carrier pa-
rameters concentration and mobility in a series of InN
samples (Set A) with systematically varied Mg concen-
tration [11]. IRSE measurements were followed by a
dedicated model dielectric function (MDF) line shape
analysis which provides access to phonon mode and free
charge carrier parameters of the group-III nitride thin
film sample constituents. In combination with addi-
tional NIR-VIS-VUV and optical Hall-effect measure-
ments (generalized ellipsometry with applied external
static magnetic field), p-type conductivity in the Mg
concentration range 1×1018 cm−3≤[Mg]≤3×1019 cm−3
could be concluded from the appearance of a dip struc-
ture in the infrared spectral region related to a loss in
reflectivity of p-polarized light as a consequence of re-
duced longitudinal optical (LO) phonon plasmon (LPP)
coupling, by vanishing free-charge carrier induced bire-
fringence in the optical Hall-effect measurements, by a
sudden change in phonon-plasmon broadening behavior
despite continuous change in the Mg concentration, and
a strongly reduced mobility for the p-type samples. The
free-charge carrier concentration and mobility parame-
ters were determined by applying Kukharskii’s model
that accounts for the LPP coupling.
The same approach is applied here to investigate the
free-charge carrier parameters in a second sample set
(Set B) [10] grown in a different reactor and under a dif-
ferent growth regime (highly In-rich conditions (Set B)
vs. near-stoichiometric regime (Set A)). In this sam-
ple set, the Mg concentrations were chosen in the range
for which p-type conductivity was reported earlier [7]
in order to investigate the critical Mg concentrations for
transitions between n- and p-type conductivity. In this
work, we show that the Mg concentration range for p-
type conductivity found in sample Set B is consistent
with the results reported for sample Set A, i.e., the dop-
ing mechanisms are independent on a particular reactor
setup and growth regime. The determined free-charge
carrier parameters for sample Set B are in excellent
agreement with the results reported before for sample
Set A [11]. In the Set B, two samples with Mg con-
centration of 2.3 × 1020 cm−3 are identified as compen-
sated n-type InN with very low electron concentrations
by strongly reduced LPP broadening compared to the p-
type samples of similar plasma frequencies. The broad-
ening parameters of the upper and lower LPP branch
of the n-type samples in the second sample set follow
the expected LPP broadening behavior in dependence
of the plasma frequency and prove the expected differ-
ent broadening behavior for electron and hole phonon-
plasmons as pointed out in earlier publication [11]. The
results of sample Set A as reported in Ref. [11] are in-
cluded here for comparison.
2. Theory
For the samples discussed here, the optical axes of the
materials constituents, which are optically anisotropic
with uniaxial optical properties, is oriented parallel to
the surface normal. Therefore, without applying a mag-
netic field during the measurement, no mode conversion
of light polarized parallel (p) to polarization perpendic-
ular (s) to the plane of incidence and vice versa will oc-
cur and standard ellipsometry can be applied [12]. The
standard ellipsometric parameters Ψ and ∆ are defined
by the ratio ρ of the complex valued Fresnel reflection
coefficients
ρ =
rp
rs
= tanΨ · exp(i∆). (1)
The ellipsometry data was analyzed by using a layer-
stack model including the sapphire substrate, the GaN
template layer [13], the undoped InN buffer layer, and
the Mg doped bulk InN layer. The light propagation
within the entire sample stack is calculated by applying
a 4×4 matrix algorithm for multilayer systems assuming
plane parallel interfaces [13]. In order to reduce param-
eter correlation, the measurements are obtained at mul-
tiple angles of incidence and analyzed simultaneously.
A regression analysis (Levenberg-Marquardt algorithm)
is performed, where the model parameters are varied
until calculated and experimental data match as close
as possible [14]. The sapphire model dielectric func-
tion (MDF), uncoupled phonon mode parameters, and
ε∞ values for GaN and InN were taken from our previ-
ous work [13, 15–17]. The contribution of free-charge
carriers to the MDF and phonon-plasmon coupling was
described by applying Kukharskii’s model [13, 17, 18]:
ε‖,⊥(ω) = ε‖,⊥;∞
(ω2 + iγLPP−;‖,⊥ω − ω2LPP−;‖,⊥)
ω(ω + iγp;‖,⊥)
·
(ω2 + iγLPP+;‖,⊥ω − ω2LPP+;‖,⊥)
(ω2 + iγTO;‖,⊥ω − ω2TO;‖,⊥)
, (2)
where ωLPP−/+ are the frequencies of the LPP−/LPP+
branches and γLPP−/+ the according LPP broadening pa-
rameters. γp is the plasma broadening parameter which
is connected to the effective mass m∗ and the optical
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mobility µ by γp = q/m∗µ, with |q| = e being the ele-
mentary charge. ωLPP−/+ can be extracted from
ωLPP−/+ =
√
1
2
[
ω2p + ω
2
LO ±
√
(ω2p + ω2LO)2 − 4ω2pω2TO
]
,
(3)
with ωTO/LO being the uncoupled transverse optical
(TO)/LO phonon mode frequencies and ωp the plasma
frequency given by ω2p = Nq2/m∗ε0ε∞. N is the free-
charge carrier concentration. The plasma frequency
ωp and plasma broadening parameter γp provide access
only to the coupled quantities N/m∗ and µm∗. Conclu-
sions about carrier concentration and mobility from the
IRSE measurements are therefore only possible by as-
suming a value for the effective mass of electrons or
holes, respectively. Further, the sign of the charge q is
not accessible without applying an additional magnetic
field during the measurement, i.e. direct determination
of the carrier type is not possible from IRSE. However,
the broadening parameters γLPP−/+ are independent of
the effective mass of the carriers and directly obtained
from the model analysis. As discussed in previous pub-
lication, holes are expected to reveal much lower mobil-
ity and thus higher broadening parameters γLPP−/+ com-
pared to electrons [11]. Thus, a different broadening be-
havior is expected for p-type conducting samples com-
pared to n-type conducting samples and the LPP broad-
ening parameter can be taken as indicator for a change
of the conductivity type [11]. In order to achieve the
best match between experimental and model data free-
charge carrier contributions in the doped bulk InN layer,
the GaN template layer and the not intentionally doped
InN buffer layer were included in the model analysis.
The band structure of InN could so far only be stud-
ied theoretically due to the lack of intrinsic InN sam-
ples [19]. All unintentionally doped InN samples re-
ported in literature show n-type conductivity. Conse-
quently, Burstein-Moss effect calculations always need
to be applied in order to extract the intrinsic band-gap
parameters. The conduction band of InN was found to
be non-parabolic, i.e. the effective electron mass param-
eter depends on the free-electron concentration [20]. An
extrapolated value for the effective electron mass pa-
rameter for intrinsic InN of m∗ = 0.04 m0 with negli-
gible anisotropy at the Γ-point was reported [20]. The
splitting between the Γ9v heavy-hole valence band and
the Γso7v spin-orbit split-off band is too small too be ex-
perimentally resolved [21]. For the crystal-field split-
ting a small positive value of ∆CR = 0.065 eV is pre-
dicted theoretically [19]. Fujiwara et al. estimated
that 80% of the free holes will occupy heavy hole
states [21]. Therefore, mainly heavy holes are probed
by our ellipsometry experiment. An estimation of heavy
and light hole mass parameters from acceptor activa-
tion energies determined by IRR, IR transmission and
photoluminescence at low temperature was reported re-
cently [22]. Contributions of electronic interband tran-
sitions between the valence bands were not reported for
spectroscopic ellipsometry measurements on group-III
nitride semiconductors and would be expected to be out-
side the accessible spectral range due to the small va-
lence band splittings in InN.
3. Experiment
Two sets of InN films with varying Mg concentrations
grown on c-plane GaN/sapphire templates by molecu-
lar beam epitaxy were investigated. Extended defects
and impurity incorporation in InN films are expected
to strongly depend on growth temperature and III/V ra-
tio [7]. Even samples grown in one reactor under dif-
ferent conditions can show significantly different film
properties [7]. For Set A near-stoichiometric growth
conditions at slightly higher III/V ratio were chosen in
order to avoid the formation of In droplets [7]. For Set B
the so-called droplet elimination by nitrogen radical ir-
radiation (DERI) method was applied which utilizes the
generally higher crystalline quality in InN films grown
at strongly In-rich conditions and uses nitrogen radical
irradiation to eliminate the In droplets formed under this
regime [23]. Details on the reactor designs and exact
growth conditions can be found elsewhere [7, 23]. Since
the growths regimes differ significantly from each other,
similar sample properties upon introduction of doping
atoms are not obvious.
Each set included an undoped InN reference sample
and Mg-doped InN with systematically increased Mg
concentration ranging from 1.2 × 1017 cm−3 to 8.0 ×
1020 cm−3 (Set A) and from 1.0 × 1018 cm−3 to 2.3 ×
1020 cm−3 (Set B) in order to achieve p-type doping. For
all samples, the InN growth started with a 50 nm un-
doped layer on top of which about 400 nm thick layers
of doped InN were deposited. P-type conductivity was
proven by ECV measurements in Set A for Mg concen-
trations between 1.1 × 1018 cm−3 and 2.9 × 1019 cm−3
by Yoshikawa et al. [7] and in Set B for Mg concentra-
tions between 9.0 × 1018 cm−3 and 9.0 × 1019 cm−3 by
Wang et al. [10]. A summary of the samples in each set
is given in Tab. 1 with the conductivity type indicated
in parenthesis. For sample Set B, two different growth
conditions (N-rich and In-rich) were applied during the
deposition for the Mg concentration at which the transi-
tion from p-type to n-type was expected.
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The IRSE measurements have been carried out using
a commercial Fourier transform-based IR ellipsome-
ter (J.A. Woollam Co., Inc.) in the spectral range from
300 cm−1 to 6000 cm−1. The details on the IRSE data
analysis of sample Set A were described in Ref. [11]
and the results are included here for comparison.
Table 1: Summary of the two sample sets. The conductivity type as
determined from IRSE is indicated in parenthesis. Note, that in Set B
two samples have the same Mg concentration but are grown under
slightly different conditions. Set A was investigated in Ref. [11] and
results are included here for comparison.
Set A Set B
Sample [Mg] (cm−3) Sample [Mg] (cm−3)
A1 undoped (n) B1 undoped (n)
A2 1.2 × 1017 (n) B2 1.0 × 1018 (n)
A3 1.0 × 1018 (p) B3 9.0 × 1018 (p)
A4 5.5 × 1018 (p) B4 2.2 × 1019 (p)
A5 2.9 × 1019 (p) B5 5.6 × 1019 (p)
A6 1.8 × 1020 (n) B6 9.0 × 1019 (p)
A7 8.0 × 1020 (n) B7 2.3 × 1020 (n)
(N-rich)
B8 2.3 × 1020 (n)
(In-rich)
4. Results and Discussion
Experimental and best-matching model data for the
samples of Set B are given in Fig. 1. A detailed de-
scription of the different features in the spectrum can
be found in Ref. [11]. The spectra presented here are
similar to the ones of sample Set A investigated in the
same reference showing the characteristic dip structure
around 600 cm−1 related to a reduced LPP shift for the
p-type samples. The spectral position of this dip is
related to the plasma frequency, i.e., the free-charge
carrier concentration in the sample, while the shape is
mainly determined by the LPP broadening parameters
and the mobility [11]. The most significant difference
compared to the data of sample Set A is the occurrence
of a deep trench at about 600 cm−1in the two samples
with a Mg concentration of 2.3× 1020 cm−3. The analy-
sis of the broadening behavior and mobility parameters
suggests that these two samples are n-type conductive
with a strongly reduced number of free-charge carriers,
i.e., the samples are highly compensated n-type InN.
The LPP broadening parameters for the upper (LPP+)
and lower (LPP−) phonon plasmon branch determined
from the best-match model analysis of both sample sets
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Figure 1: Comparison of experimental (dashed lines) and best-
matching model data (solid lines) of IRSE measurements for the sam-
ples of Set B. The Mg concentration in each sample is given and con-
ductivity type as determined from IRSE is indicated in parenthesis.
The characteristic dip around 600 cm−1due to the reduced LPP shift
and broadening of the InN A1-LPP mode for the p-type conducting
samples is marked by the vertical line. Note, the significant change
in the line shape of the undoped sample and [Mg]= 2.3 × 1020 cm−3
(N-rich) around 400 cm−1 and above 1000 cm−1 is related to a signifi-
cantly different thickness of the GaN template layer (2 µm vs. 3.5 µm).
are compared in Fig. 2. The transition from n-type to p-
type conductivity occurs at slightly higher Mg concen-
trations in sample Set B compared to Set A. The broad-
ening parameters of the p-type samples in Set B match
the values found for Set A and the same sudden change
of broadening behavior despite continuous increase of
the Mg concentration as reported for Set A is observed
allowing to identify the transitions between the conduc-
tivity types. The two samples identified as compensated
material show completely different broadening behavior
compared to all other samples in both sets. The broad-
ening parameter of the LPP+ branch for the compen-
sated samples is much lower than for all n-type sam-
ples in both sets and even lower than the broadening
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Figure 2: Comparison of the best-match model parameters for the LPP broadening parameters for the lower LPP− (left) and upper LPP+ (right)
branch as obtained from the regression analysis for both sample sets. Values for the undoped reference samples are indicated on the coordinate axis
on the left at [Mg]= 1 × 1016 cm−3.
parameter of the p-type samples in the same set. The
broadening parameter of the LPP− branch for the two
compensated samples is slightly higher than for the n-
type samples of comparable Mg concentration in Set A,
but much lower than the broadening parameters of the
p-type samples. This behavior can be understood by
taking into account the LPP dispersion in dependence
of the plasma frequency (Fig. 3). The frequencies of
the LPP branches for each sample of Set B according
to the determined plasma frequencies are marked on the
dispersion curves. For the upper branch, the broaden-
ing behavior is expected to change from plasmon-like
(large broadening) to phonon-like (small broadening)
with decreasing plasma frequency. The opposite be-
havior would be expected for the lower branch. The
comparison of the compensated samples with the other
n-type samples of Set B shows exactly this behavior.
The largest plasma frequency was determined for the
undoped samples, a slightly smaller plasma frequency
is found for the n-type sample of lowest Mg concentra-
tion, and the lowest plasma frequency was determined
for the compensated samples. Accordingly, the LPP+
broadening parameter systematically decreases while
the LPP+ parameter decreases. This trend could not
be observed in sample Set A because of the absence
of n-type samples of very low free-charge carrier con-
centrations. Note, that even though similar plasma fre-
quencies as for the compensated samples are also deter-
mined for the p-type samples, much smaller broadening
values for LPP+ as well as LPP− are determined for the
compensated n-type samples. This is consistent with the
expected smaller phonon-plasmon broadening for elec-
trons as compared to holes due to the strongly reduced
hole mobility.
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Figure 3: LPP branches in dependence of the plasma frequency ω,p.
The position of the LPP+/− modes is indicated by symbols for each
sample of Set B as obtained from the model analysis.
Assuming an effective hole mass of 0.42 m0 for the
p-type samples [21] and using the dependence of the
5
electron effective mass on the carrier concentration as
determined by OHE [20], it is therefore now possible to
deduce the parameters of the free-charge carrier concen-
tration N and the mobility µ from ωp and γp. The com-
parison of the derived parameters for both sample sets is
shown in Fig. 4. The free-charge carrier concentrations
in Set B are comparable to the values found for Set A
with the already discussed exception of the two com-
pensated samples. The mobility values determined for
sample Set B are in excellent agreement with the values
of Set A. The very high mobility values determined for
the samples with a Mg concentration of 2.3× 1020 cm−3
further support the identification as compensated n-type
material. A higher mobility value is determined for the
compensated sample grown under slightly N-rich con-
ditions compared to the one grown under slightly In-
rich conditions. This result is in agreement with the
lower broadening parameters for upper as well as lower
LPP branch which might indicate a better crystalline
quality of the sample grown under N-rich conditions.
ECV measurements independently confirmed the n-type
character of these samples [10]. Note, that the sam-
ple B6 with a Mg concentration of 9.5 × 1019 cm−3 was
identified as n-type material by ECV and thermopower
measurements in Ref. [10]. However, the interpretation
of the ellipsometry analysis suggests p-type behavior of
the volume free-charge carriers in this sample. A re-
duced number of holes compared to the other p-type
samples in this set is determined which could result in
an increased influence of the n-type buffer layer on the
electrical measurements and might explain the ECV and
thermopower results.
5. Conclusion
The free-charge carrier parameters of two sets of Mg-
doped InN grown independently by two different groups
by MBE under two different growth regimes were de-
termined by applying infrared spectroscopic ellipsom-
etry. While the samples of Set A were grown under
nearly stoichiometric conditions, nitrogen radical irra-
diation is utilized to eliminate the In droplets formed
under highly In-rich growth conditions. In both sets, the
Mg concentration was systematically increased in order
to produce p-type conductive material. The ellipsome-
try data was analyzed by applying Kukharskii’s model
which accounts for the LO phonon plasmon coupling
in material with high free-charge carrier concentration.
The transition from n-type to p-type conductivity can
be identified in the IRSE analysis by a sudden strong
change in the broadening behavior despite a continu-
ous change in the Mg concentration and huge change of
the mobility values. The validity of this interpretation
was demonstrated in an earlier publication by apply-
ing additional NIR-VIS-VUV spectroscopic ellipsome-
try measurements and optical Hall-effect measurements
on sample Set A [11] and is in agreement with indepen-
dent ECV and thermopower measurements [7, 10].
The transition from n-type to p-type conductivity in
sample Set B is found to occur at slightly higher Mg
concentrations than in Set A, but overall the determined
Mg concentration range for p-type doping for sample
Set B is consistent with the results reported earlier for
sample Set A [11]. This result demonstrates the inde-
pendence of the doping mechanisms on a particular re-
actor setup or growth regime. The determined param-
eters for LPP broadening, hole concentration, and mo-
bility for the p-type samples in both sample sets are in
excellent agreement. In Set B, two samples are iden-
tified as compensated n-type InN. Samples of compa-
rable low free-charge carrier concentration were so far
not available since high intrinsic electron concentrations
are typically even found in undoped InN. Doping with
suitable amounts of Mg might therefore be a promis-
ing method to produce not only p-type material but
also compensated material suitable for investigation of
intrinsic properties of InN typically governed by high
free-charge carrier concentrations. Even though similar
values of the plasma frequency are determined for the
p-type and compensated material, much lower broad-
ening of upper and lower phonon plasmon branch are
determined for the compensated samples which proves
the expectation that electron phonon plasmons possess
smaller broadening than hole phonon plasmons due to
the strongly reduced mobility of holes compared to elec-
trons. The determined mobility values for the compen-
sated samples match the values for n-type samples of
higher electron concentration which supports our inter-
pretation.
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